dramatically increases the potential risk of neurovascular complications. [12] [13] [14] [15] [16] [17] [18] To the best of our knowledge, there are few methods to prevent ST effectively during osteotomy surgery for AS kyphosis at present. We have developed a method of performing a PSO with a cage, a fusion device in the anterior column at the level of the osteotomy, to restrict the sagittal movement of the osteotomy site and to prevent ST during surgery. The goal of this study was to introduce the cage method to prevent ST and to explore the efficacy and feasibility of this method in the treatment of kyphosis in AS.
methods

Ethical approval
Consent from all patients was received for this study. This study was approved by the institutional review board of our hospital.
Study subject
Between February 2009 and December 2013, 263 consecutive AS patients who underwent a spinal osteotomy for sagittal imbalance at our institution were retrospectively reviewed. All the patients were diagnosed with AS with spinal kyphosis by radiographic examinations and laboratory tests according to New York standards. [19] Inclusion criteria were patients who underwent a one-level PSO or PSO with a cage to correct sagittal deformity, with a follow-up period of at least 2 years. Exclusion criteria were patients with cervical kyphosis, revision surgery, coronal deformity, and dislocation of the sacroiliac and hip joints. A total of 89 patients were included in this study.
Eighty-nine patients were divided into two groups based on the surgical methods applied as follows: Group A (PSO with a cage) and Group B (PSO). Group A consisted of 43 patients (36 men and 7 women), with a mean age of 43.1 years (range, 26-58 years). Group B was composed of 46 patients (41 men and 5 women), with a mean age of 46.5 years (range, 28-54 years). The mean follow-up time was 34 months (range, 24-54 months).
Radiologic assessment
Pre-and post-operative full-length spinal radiographs with the patients standing unsupported were available for all patients. Radiographic parameters included sagittal Cobb angle (from T1 to S1), sagittal vertical axis (SVA), lumbar lordosis (LL), and pelvic tilt (PT), which were documented as key parameters for surgical evaluation. [11, [20] [21] [22] The local radiographic parameters at the osteotomy site, including the height of the anterior and posterior columns of the vertebral osteotomy segment (AC and PC), were documented pre-and postoperatively. [23] Postoperative radiographs were performed before hospital discharge, at the 6-and 12-month postoperative period, and at the final follow-up.
ST was measured as the distance between the posterior superior edge of the caudal vertebral body to the posterior inferior edge of the cranial body at the osteotomy level in postoperative standing lateral radiographs. [12] The ST was considered positive if the displacement distance was >2 mm. Otherwise, it was negative.
Surgical technique
All patients were continuously monitored intraoperatively by somatosensory-evoked potentials and motor-evoked potentials. Following the induction of general anesthesia, each patient was placed in the prone position. The thoracolumbar spine was exposed through a posterior midline incision, and the posterior elements were exposed through a subperiosteal approach. Pedicle screw fixation was performed by a freehand technique.
The osteotomy was initiated by probing the pedicles of the osteotomized vertebrae on both sides using a pedicle probe. Then, the pedicles were dilated by incrementally increasing the probe or bone tap size. A high-speed drill was used to enlarge the pedicle holes as necessary. After this, the vertebral bone was adequately removed. The decancellation procedure carefully created a triangular wedge. Before the closing procedure, a temporary rod was used to avoid intraoperative ST in one side in all of the patients when the other side of the osteotomy was completed. After the osteotomy, the cage method was performed with a polyetheretherketone Figure 2 ] (Weigao Orthopedic, Shandong, China) and bone autograft packed into the osteotomy space at the anterior column of the vertebral body. Thus, the cage sank into the cancellous bone of the vertebral body to stabilize it, and the correction hinge was located at the anterior column without an unpredictable ST. The size ranged from 12 cm × 10 cm × 22 cm to 14 cm × 10 cm × 22 cm, based on the width of the osteotomy gap after removing the vertebral bone. A cantilever maneuver with contoured rods was used to close the osteotomy [ Figure 1b ]. The patient's position and the operating table were simultaneously adjusted. After closure, evoked potentials were performed to assess spinal cord and nerve root function. Then, the screw nuts were tightened, a posterior fusion bed was prepared, and local bone was grafted to create a fusion. C-arm fluoroscopy was used to examine the magnitude of the correction [ Figure 3] . Postoperatively, the patients were allowed to mobilize using a custom-made plastic thoracolumbosacral orthosis during the first 3 months.
Outcomes
Operating time, blood loss, and fused levels were recorded in detail. Clinical outcomes were evaluated using the Scoliosis Research Society-22 (SRS-22) outcome questionnaire [24] preoperatively and at the final follow-up. Complications and other data were also recorded and reviewed.
Statistical analysis
A paired t-test was performed to compare the pre-and postoperative radiographic parameters and the SRS-22 domain scores of each group. An independent sample t-test was used to compare results between groups.
Pearson's Chi-squared test was used to evaluate the ST of different osteotomy methods. An odds ratio (OR) with a 95% confidence interval (CI ) was calculated to allow more meaningful interpretation. The OR is a way of comparing whether the probability of a certain event (ST) is the same for two groups. An OR of 1 implies that the event is equally likely in both groups. An OR >1 implies that the event is more likely in that group. An OR <1 implies that the event is less likely in that group. All data were analyzed using SPSS (version 17.0, SPSS Inc., Chicago, IL, USA). P < 0.05 was considered statistically significant.
results
Surgical results
A one-level osteotomy was performed on all patients. In Group A, the most frequent osteotomy level was L2 (17 patients), followed by L3 (14 patients), L1 (9 patients), and T12 (3 patients). In Group B, osteotomies over L1, L2, L3, and T12 were performed in 6, 15, 21, and 4 patients, respectively. The mean number of fused levels was 6.8 (range, 5-10) in Group A and 6.5 (range, 5-10) in Group B. The mean operative time was 305 min (range, 240-360 min) in Group A and 310 min (range, 250-380 min) in Group B. The average estimated blood loss was 700 ml (range, 400-1350 ml) in Group A and 780 ml (range, 550-1400 ml) in Group B.
Sagittal translation
Two (4.7%) out of 43 patients in Group A and 14 (30.4%) out of 46 patients in Group B had intra-and postoperative ST. The patients who underwent a PSO were associated with a significantly higher risk of ST than those who underwent the cage method ( χ 2 = 10.020, P = 0.002) [ Figure 4 ]. The ORs with 95% CIs are shown in Table 1 .
Radiographical and clinical results
The pre-and postoperative radiographic parameters of all patients were recorded. Postoperative correction was achieved in all patients. The sagittal parameters significantly improved in both groups [ Table 2 ]. There was no significant difference between the two groups in the correction of Cobb angle, SVA, LL, and PT [ Table 3 ]. No obvious correction loss was observed at the final follow-up in either group [ Figure 5 ]. In Group A, the AC was prolonged from 29.4 ± 2.8 mm preoperatively to 32.6 ± 2.5 mm postoperatively, and the PC was shortened from 31.2 ± 2.4 mm preoperatively to 17.6 ± 3.5 mm postoperatively. In Group B, the PC was shortened from 30.7 ± 2.5 mm preoperatively to 12.7 ± 3.1 mm postoperatively. Significant differences were identified in postoperative PC (t = 5.899, P < 0.01) and AC (t = 5.598, P < 0.01) between the two groups [ Table 3 ].
At the final follow-up, the SRS-22 scores improved from preoperative 1.9 ± 0.6 to 4.5 ± 0.5 in Group A and from 2.0 ± 0.7 to 4.6 ± 0.4 in Group B. The SRS-22 scores at the final follow-up did not demonstrate a significant difference between the two groups [ Table 4 ].
Complications
The complications for each group are shown in Table 5 . No fatal complications or aortic injuries occurred in either group. Two patients in Group A experienced cerebrospinal fluid (CSF) leakage secondary to dural tears during the removal of the posterior longitudinal ligament. CSF leakages occurred in six patients in Group B due to dural tears. Three of them experienced it during the resection, and the other three developed it during osteotomy closure. All dural tears were managed uneventfully using muscle and fat graft coverage intraoperatively, and the patients were discharged within 2 weeks of surgery. Superficial infections occurred in both groups and were managed with local wound care and antibiotics (2 in Group A and 3 in Group B). Postoperative pneumonia occurred (2 in Group A and 1 in Group B) and was treated without adverse effects. Seven patients experienced neurologic complications (1 in Group A and 6 in Group B), which were characterized by postoperative unilateral leg numbness and weakness. Four of these recovered spontaneously within 3 months.
dIscussIon
Late-stage AS patients suffer from thoracolumbar kyphosis, characterized by a round spinal curvature, which requires surgical correction. The PSO has recently become increasingly popular among various osteotomy techniques to correct kyphosis in AS patients. This osteotomy permits the restoration of LL and reduces SVA through a closing wedge osteotomy, thereby leading to good functional results. [25] Unfortunately, neurologic complications following PSOs are common. Bridwell et al. reported a 15.2% incidence of neurologic complications in a case series of patients treated by PSO. [17] Ahn et al. found a neurologic complication rate of 12.0%. [26] Buchowski et al. noted neurologic deficits in 11.1% of patients and 3 patients had permanent deficits. [27] In our study, the neurologic complication rate was 13.0% in the PSO group. All authors identified residual dorsal bony impingement combined with dural buckling and intraoperative ST as the main cause of neurologic complications. Preventative measures have been established for these risk factors. Nevertheless, intraoperative ST during osteotomy closure has been deemed a matter of concern. Currently, there are few effective measures that have been proposed to prevent ST during osteotomy for AS with kyphosis patients.
In 2011, a method that used temporary malleable rods was reported to prevent ST during osteotomy surgery by Arun et al. [6] We used this method in most of our patients. We found that this method plays a limited role in preventing ST before the reduction maneuver finished. Based on our experience, most STs occur because of unrestricted movement at the osteotomy site after anterior cortex fractures during the closing procedure. However, the temporary rods should be removed before the osteotomy gap is closed. Using temporary rods in the correction of AS with kyphosis was not able to avert the occurrence of ST, and the neurovascular complications caused by ST could be critical for individual patients.
If the osteotomy site was stable enough during closure, the management of osteotomy surgery could become safer. The PSO with a cage method includes inserting a cage with bone autograft into the osteotomy space in the anterior column of the osteotomized vertebra. The cage immediately sinks into the cancellous bone of the cranial and caudal sides of the osteotomized site. It provides a stable hinge to close the osteotomy gap, restricts the movement of the cranial or caudal aspects of the osteotomy site, and reduces the possibility of ST after anterior cortex fractures. In this cage method, the cage must be large enough and we recommend its height up to 14 mm. It is only in this way that the cage can make the closure process more stable, as the forces on the osteotomy during closure are mainly focused on the cage in the anterior column. This procedure helps to avoid sagittal displacement and ensures procedure safety. Since 2009, the cage method has been used to stabilize the osteotomy site for AS in 43 patients. This method truly improved the safety of the osteotomy surgery. In this retrospective study, the incidence of ST in AS patients treated with the cage method was significantly reduced compared with those managed with the traditional PSO method. The management of PSOs appeared to carry more risk of developing ST, with an observed OR of 8.97 compared with an OR of 0.11 for the new method.
In our retrospective study, significant differences were identified between the two groups with respect to changes in the height of the anterior (AC) and posterior (PC) vertebral columns. A mean shortening of 0.6 mm of AC and 18 mm of PC was identified in Group B, while a mean elongation of 3.2 mm of AC and a mean shortening of 13.6 mm of PC were identified in Group A. Even though the cage may sink into the cancellous bone of the vertebra in most cases, a moderate opening of the anterior cortex of the osteotomized vertebrae could be obtained with the cage method in the patients of Group A. It decreased the need for posterior column shortening and avoided vertebral compression, thereby preventing dural or spinal cord buckling, which are important causes of neurologic complications. [28, 29] Theoretically, the risk of CSF leakage during osteotomy closure can be reduced because of less reduction of the spinal column and sufficient stability of the osteotomized vertebra. However, CSF leakage after dural tears during resection cannot be avoided, and it requires a more careful technique by the surgeon. It is worth noting that the cage method cannot improve the degree of operative correction, as most cages sank into the cancellous bone without providing adequate support. In our study, the correction of radiographic parameters was not significantly different between the two groups.
There are a number of limitations to this study. Limitations are mainly tied to the small sample size (single center). There are also many unpredictable surgical factors that may be associated with ST, even though we have excluded these effects as much as possible in our study. Furthermore, to obtain a satisfactory correction, a two-level osteotomy may be required for some patients with severe rigid kyphotic deformities.
In conclusion, the PSO with a cage method represents a new, safe, and feasible choice for treating patients with AS kyphosis. This method achieves appropriate re-alignment of the kyphotic spine, significantly prevents ST during osteotomy, and moderately reduces spinal column shortening.
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